Hyper-eutectic Al-Si alloys are used for wear-resistant components, such as pistons, because their microstructure is composed by ductile aluminium dendrites and hard primary silicon particles. In this study the effect of Nb-B inoculation on the microstructural features of binary hyper-eutectic and neareutectic LM13 Al-Si alloys is assessed. It is found that the inoculation with Nb-based compounds (i.e. NbB 2 and Al 3 Nb) leads to the refinement of the microstructural features (i.e. finer and more homogeneous distribution of the eutectic phase as well as smaller primary Si particles as secondary effects). The study also demonstrates that the addition of Nb-B inoculants do not interfere with additions of strontium (used to modify the morphology of the eutectic phase) or phosphorous (added to nucleate primary Si particles).
Introduction
Aluminium alloys are conventionally divided into wrought and cast depending on whether the primary processing is carried out by means of a deformation method or not [1] . The principal alloying element of aluminium cast alloys is silicon because it confers sufficient fluidity to the molten metal to satisfactorily fill die cavities as well as obtain good surface finishing. The Al-Si binary phase diagram is the typical eutectic diagram for a two-component mixture whose eutectic point is located at a content of 12.6 wt.% of silicon and a temperature of 577°C [2] . Because of this aspect, Al-Si cast alloys, whose silicon content is generally higher than 4 wt.%, are classified into three main groups depending on the amount of silicon present: hypo-eutectic (4-11 wt.%), near-eutectic (11-13 wt.%) and hyper-eutectic (>13 wt.%) [3] . Depending on the type of alloy there are differences in the relative amount and morphology of the microconstituents of Al-Si alloys although they are exactly the same: primary a-Al dendrites (i.e. ductile and soft solid solution of silicon in aluminium), eutectic phase (i.e. brittle and hard Al-Si intermetallic particles) and primary silicon particles. More in detail, the eutectic phase present in Al-Si cast alloy is commonly characterised by a 3D planar (lath) or 2D acicular morphology [4] which can be useful in application where high wear resistance is required but it is detrimental for the ductility of the material. The morphology of this eutectic phase can be easily changed to fibrous by the addition of very small quantity (ppm) of calcium, sodium and strontium; a process known as modification [5] [6] [7] [8] [9] . On the base of the stable binary phase diagram, primary silicon particles should be present as microstructural features exclusively in hyper-eutectic Al-Si alloy. Nevertheless, because the solidification of the alloys does not take place under equilibrium conditions and there is partitioning of the solute in the solidification front, primary silicon particles are generally found also in Al-Si alloys with silicon content lower than the eutectic composition. As for the intermetallic phase, these brittle and hard primary silicon particles can be useful for structural components of the engine block [10] . For that, in the case of hyper-eutectic Al-Si alloys, few ppm of phosphorus are conventionally added in order to decrease the final size and increase the total number of primary Si particles that form upon solidification [11] . Depending on the nature of the material, Al-Si cast alloys find different applications in the automotive industry such as wheels (hypo-eutectic), engine blocks (near-eutectic) and pistons (hyper-eutectic). It is well known that the processability and mechanical performances of aluminium alloys can be improved by means of grain refinement. Actually, this is quite well-established industrial practise for wrought aluminium alloys, where the refinement is done by means of Al-Ti-B master alloys [12] [13] [14] [15] . The drawback of using these commercial master alloys on Al-Si cast alloys is the formation of titanium silicides which prevents the effective grain refinement of the alloy, a phenomenon known as poisoning [16] [17] [18] [19] [20] [21] . We recently published a work about the development of an efficient Nb-B grain refiner for Al-Si where it was found that Nb-B inoculation leads to the refinement of both primary a-Al dendrites and eutectic phase of hypo-eutectic Al-Si alloys [22] [23] [24] [25] [26] of this work is to study the effect of Nb-B inoculation on the microstructural features of near-eutectic and hyper-eutectic Al-Si alloys in order to better understand the full grain refining potency of Nb-B based grain refiners. In grain refinement work, it is very common to carry out the comparison of the performances of new grain refiners with that of the well-established Al-5Ti-1B master alloy. Nonetheless, in this case the authors did not consider any commercial Al-Ti-B refiners because they are characterised by poisoning and, in the best knowledge of the authors, do not have any effect at all on any other microstructural feature (especially primary Si particles) than the primary a-Al dendritic grains.
Experimental procedure
The investigation about the effect of Nb-B inoculation in commercial near-eutectic and hyper-eutectic Al-Si alloys was divided into two parts. In the first set of experiments binary lab-produced hyper-eutectic Al-xSi alloys, where x = 14-27 wt.%, were tested whilst in the second set of experiments the commercial AlSi alloy LM13 was considered. The chemical composition of the raw material used is shown in Table 1 .
Binary hyper-eutectic Al-xSi alloys
Binary hyper-eutectic Al-xSi alloys were prepared by mixing the appropriate amount of commercially pure Al with the Al-50Si master alloy. The chemical compositions studied were: Al-14Si, Al-16Si, Al-18Si, Al-20Si and Al-27Si. Specifically, batches of 5 kg of each Al-xSi alloy were produced by melting the raw materials (chemical composition specified in Table 1 ) into clay-bonded graphite crucibles at 800°C during 1 h and then cast into rectangular ingots. The chemical composition of the cast binary hyper-eutectic Al-xSi was checked by means of optical emission spectroscopy (OES). It is worth mentioning that the variation of the chemical composition was lower than 0.1 wt.% for each of the binary AlxSi alloys. For the inoculation experiments, the Al-xSi alloys were melted in an electric resistance furnace at 800°C after which Nb-B inoculants were added (targeted, 0.1 wt.% of Nb and B) [22] [23] [24] . Nb was added in the form of powder (Nb > 99.8%, particle size lower than 45 lm) and boron by potassium tetrafluoroborate flux (KBF 4 > 98%). Therefore, the actual Nb and B contents are expected to be somewhat lower due to the oxidation of the Nb powder particle and the poor recovery, at lab scale, of B from the KBF 4 flux. After, at least, 1 h of dissolution time, both reference and Nb-B inoculated samples were left to cool down to 700°C and cast under similar conditions using a preheated steel mould (cooling rate 1°C/s). Samples were prepared for metallographic analysis using SiC grinding papers and OPS polishing solution. Grain size of the materials was determined as specified in the ASTM: E112 standard.
Commercial near-eutectic LM13 alloy
This commercially available and industrially employed near-eutectic alloy (whose composition was reported in Table 1 ) was used because upon solidification it will be characterised by the three main microstructural features of the binary Al-Si phase diagram and it gives a comprehensive idea of the effect of Nb-B inoculation on them. The LM13 alloy is conventionally employed to fabricate engine components like pistons for gasoline and diesel motors and, therefore, the material is cyclically stressed both mechanically and thermally. The properties required for this material are high fatigue resistance and lifetime as well as good wear resistance which are achieved in the hyper-eutectic Al-Si alloys due to the presence of coarse, angular primary silicon particles embedded within the soft and ductile aluminium dendrites [27] . As already indicated, it is a common practise to modify the morphology of the eutectic phase from planar to fibrous by means of strontium [6] and/or decrease the final size and increase the total number of primary silicon particles that form during solidification using phosphorous [11] . In the view of this fact, experiments were done considering the effect of the addition of Nb-B inoculants on the LM13 simultaneously without and with the addition of 200 ppm of strontium or 100 ppm of phosphorus. In particular, the materials cast were: reference alloy (LM13), Nb-B inoculated LM13 alloy (LM13 + Nb-B), strontium-modified reference alloy (LM13 + Sr), Nb-B inoculated strontium-modified LM13 alloy (LM13 + Nb-B + Sr), phosphorous-modified reference alloy (LM13 + P) and phosphorous-modified Nb-B inoculated LM 13 alloy (LM13 + Nb-B + P). The same experimental procedure (i.e. melting parameters, casting conditions, samples preparation and microstructural analysis) that was used for the binary hyper-eutectic alloys was used for the commercial LM13 alloy.
Results and discussion
3.1. Effect of Nb-B inoculation on the microstructural features of binary hyper-eutectic Al-xSi alloys Fig. 1 shows the microstructure of the binary Al-14Si alloy without and with the addition of Nb-B inoculants where the presence of primary a-Al dendrites branches have been highlighted. It is important to remark that although hyper-eutectic Al alloys were investigated, primary a-Al grains were detected in some of the alloys investigated, especially in those with chemical composition near the eutectic point such as in the case of the Al-14Si alloy. This is because during solidification the melt becomes enriched in solute, especially Si, and the process does not occur under conditions of equilibrium. Moreover, the addition of ternary alloying elements (i.e. Nb and/or B) and/or modifiers (i.e. Sr and P) as well as impurities (see Table 1 ) shifts the eutectic point and displaces the eutectic temperature, normally to higher Si percentages and lower eutectic temperatures [28, 29] , although their contribution is relatively weak in comparison to the effect of non-equilibrium solidification.
By comparing the micrographs of the Al-14Si alloy without and with the addition of Nb-B inoculants, it is evident that the size of the few primary a-Al dendrites that can be distinguished in the microstructure is finer in the Nb-B inoculated material. This fact confirms the potency of the Nb-based compounds for the refinement of primary a-Al dendrites [30] and indicates that Nb-B inoculation is also effective in hyper-eutectic Al-Si alloys. In a previous study about the characterisation of the compounds that form upon the mixing of Nb powder and KBF 4 , we demonstrated the formation of NbB 2 and Al 3 Nb compounds which are responsible for the refinement of Al-Si alloys [22] [23] [24] . Specifically, NbB 2 and Al 3 Nb are characterised by hexagonal (a = 3.102 Å, c = 3.285 Å) and tetragonal (a = 3.848 Å, c = 8.615 Å) crystal structure and their lattice mismatch along low-index planes is 30.6% and 4.2% respectively [1] . As in the case of Al-Ti-B master alloy where it is believed that a transition layer of Al 3 Ti is formed onto the surface of TiB 2 particle because Al 3 Ti has much higher favourable lattice match [31] , the same mechanism can be applied in the case of Nb-based inoculants. As previously mentioned, the other two important microstructural features of the near-eutectic and hyper-eutectic Al-Si alloys are the intermetallic phase and the primary silicon particles. Figs. 2 and 3 summarise the effect of the Nb-B refiner on the binary hyper-eutectic Al-xSi alloy (where x = 14-27 wt.%) for the eutectic phase and the primary silicon particles, respectively. It is worth mentioning that the size of the eutectic phase refers to the length of the needle present on the cross-section of the polished samples.
By comparing the microstructures of the Al-Si alloys presented in Fig. 2 , it can be noticed that after Nb-B inoculation the eutectic phase is finer and still characterised by needle shape. Moreover, it can be seen that the eutectic phase becomes coarser with the increment of the Si content independently of the addition of any refiner but it is always finer when the melt is treated with Nb-B inoculants. More in detail, from Fig. 2(g) , the distribution of the eutectic phase of the binary Al-18Si alloy is quite wide and ranges approximately from 3 lm to 10 lm and most of the data are concentrated around 4 lm. The addition of the Nb-B refiner shifts the mean size towards lower values (i.e. 2-4 lm) and the great majority of the eutectic phase has a size of about 2 lm. Statistical analysis of the distribution of the data (a Gaussian distribution was assumed since nucleation is a pure stochastic process) confirmed the shorter length of the eutectic lamellae after Nb-B inoculation (2.1 ± 0.04 lm) with respect to the reference material (3.6 ± 1.4 lm). The refinement of the eutectic phase is thought to be by heterogeneous nucleation from the Nb-based compounds due to the low lattice mismatch with the a-Al phase. Specifically, it was demonstrated that, at the beginning of solidification, Nb-B inoculants promote the nucleation of a large number of Al grains. With the progression of solidification, the Al-Si eutectic phase starts to nucleate due to the enrichment in Si of the remaining melt and it does nucleate between the braches of Al dendrites. The large number of Al grains, whose lattice parameters do not differ significantly from those of the eutectic phase, and the more homogeneous distribution of Si in the liquid pools, consequently, induce the formation of a much greater number of eutectic particles. The refinement of the eutectic phase, therefore, is a consequence of the refinement of the dendritic Al grains as the lattice parameters difference (Si crystallizes into tetrahedral structure, a = 5.431 Å) does not seem to be favourable for its nucleation.
From analysis of the micrographs of the binary Al-Si alloys studied (Fig. 3) , it is not easy to discern a clear effect of Nb-B inoculation on the primary silicon particles. The polyhedral-shaped particles present in the Al-16Si alloy seems smaller, the length of the flake-like particles in the microstructure of the Al-18Si alloy is finer and the formation of coarse primary silicon particles characterised by fish-bone, flake-like and star-like shapes particles, typical of very high silicon content Al-Si alloys, is somewhat hindered. From the results of the statistical analysis of the total number of particles present in relation to their size for the Al-16Si alloy (Fig. 3(g) ) it is demonstrated quantitatively that the addition of the Nb-B refiner shifts the distribution of the size of primary silicon particles towards the left (i.e. smaller size). Moreover, it can be seen that the total number of finer Si particles is much greater and approximately 70% of the particles are finer than 40 lm. In particular, the experimental data were fitted with a Gaussian distribution (stochastic process) obtaining mean primary silicon particle size of 36.6 ± 4.4 lm and 13.9 ± 9.1 lm for the reference and the Nb-B inoculated binary Al-16Si alloy. As in the case of the eutectic phase, the effect of Nb-based intermetallics on the size and distribution of primary silicon particles is a consequence of the enhanced nucleation of the dendritic Al grains. In Fig. 3(h) the expected trends for the number and size of primary silicon particles for the reference and the Nb-B inoculated alloy were superimposed on the binary Al-Si phase diagram. As it can be seen, the total number of primary silicon particles, which start to form around the eutectic composition, increases along with the increment of the Si content (in this study up to 27 wt.% of Si). In the case of the employment of Nb-B inoculants, which are actually refining the dendritic a-Al grains, a greater number of primary silicon particles are formed due to the more uniform distribution of the reject solute in the solidification front and the smaller solidification pools remaining in between the dendritic arms. Nevertheless, this secondary effect fades away with the increment of the Si content. In general, the size and aspect ratio of the primary silicon particles is found to increase with the increment of the Si content where the enhancement of the nucleation of the dendritic grains through the addition of Nb-based intermetallics permits finer primary silicon particles once again as a consequence of the more homogenous distribution of the alloying element. Fig. 4 shows representative examples of the microstructure of the LM13 alloy without and with the addition Nb-B inoculation on top of which the effect of the modification of the morphology of the eutectic Si by means of Sr was considered.
Effect of Nb-B inoculation on the microstructural features of untreated/modified commercial hyper-eutectic Al-Si alloys (LM13)
From the micrograph of the LM13 alloy shown in Fig. 4(a) and (b) , it can be seen that the reference material is characterised by quite coarse primary a-Al dendrites, whose size ranges between 2000 and 2500 lm, relatively coarse planar Al-Si eutectic phase and iron-based intermetallics. Specifically, the common script-like a-phase identified as Al 8 Fe 2 Si, the plate-like bphase known as Al 5 FeSi, the script-like p-phase known as Al 8 FeMg 3 Si 6 and the blocky-like a-phase (Al 15 (Fe,Mn) 3 Si 2 ) are present [32] . The addition of Nb-B inoculants leads to the refinement of the size of the primary a-Al dendrites down to 500-1000 lm (Fig. 4(c) ) and to a variation of the eutectic and intermetallic phases. After Nb-B inoculation (Fig. 4(d) ) these secondary phases are expected to be slightly finer and more uniformly distributed throughout the microstructure as found during the study of binary hyper-eutectic alloys. The refining of the secondary Al-Si eutectic and Fe-based intermetallic phases is a consequence of the presence of a much greater number of a-Al grains which leads to a more homogeneous distribution of the rejected solute elements in the solidification front and pools. The modification of the reference LM13 alloy by means of the addition of strontium is very effective because the morphology of the eutectic Si phase is switched to fibrous (Fig. 4(e) and (f) ). Nevertheless, the distribution of this eutectic phase is still rather heterogeneous because it is mainly confined in between the secondary arms of coarse primary dendritic grains. The addition of 200 ppm of strontium together with Nb-B inoculants (Fig. 4(g) and (h) ) does not seem to affect the efficiency of the refinement of the primary a-Al dendrites, because their size is comparable to those found after the sole addition Nb-B inoculants (Fig. 4(c) ). Furthermore, no reacted compounds based on the interaction between niobium, boron and strontium were found. It is worth recalling that these experiments were done using the same processing conditions of those whose results were discussed in Fig. 4 .
From the analysis of the micrographs displayed in Fig. 5(a) and (b) , it can be seen that the addition of phosphorus to the LM13 reference alloy fulfilled its purpose completely because many fine (20-40 lm) primary silicon particles were nucleated during the solidification of this near-eutectic alloy with respect to the reference material without phosphorous addition and finer with respect to the reference LM13 alloy (Fig. 4) confirming the enhancement of the heterogeneous nucleation of a-Al via the addition of Nb-based intermetallics. Moreover, because of the presence of phosphorus many primary silicon particles (whose size and distribution are comparable to those of the reference alloy inoculated with phosphorous) are embedded in the microstructure. From this it can be evinced that the effect of phosphorous and Nb-B inoculation on the microstructural features of the near-eutectic Al-Si alloys are not altered or compromised because they do not interact between each other.
Conclusions
From this study about the effect of Nb-B inoculation on neareutectic and hyper-eutectic Al-Si alloys, it can be concluded that the nucleation of primary Al a-grains is highly promoted, the aluminium-silicon eutectic phase is significantly refined, the average size of the primary silicon particles is reduced and their total number is lowered. Nb-based compounds promote the heterogeneous nucleation of a significant number of primary a-Al dendrites and/ or eutectic phase due to the low lattice mismatch. As a consequence of the more uniform distribution of the solute elements, and in particular silicon atoms, in the solidification front and pools, an enhancement (normally refinement) of the other microstructural features, whether they are secondary intermetallics phases or primary silicon particles, is obtained. Nevertheless, it is envisioned that this secondary effect fades away with the increment of the silicon content of the hyper-eutectic Al-Si cast alloys. Finally, the addition of Nb-B inoculants starting from powders does not lead to any poisoning effect and does not seem to prevent the modification of the morphology of the eutectic phase by strontium and/or the nucleation of primary Si particles by phosphorus. 
